High performance thermoelectric materials in a wide range of temperatures are essential to broaden the application spectrum of thermoelectric devices. This paper presents experiments on the power and efficiency characteristics of lowand mid-temperature thermoelectric materials. We show that as long as an appreciable temperature difference can be created over a short thermoelectric leg, good power output can be achieved. For a mid-temperature n-type doped skutterudite material an efficiency of over 11% at a temperature difference of 600 °C could be achieved. Besides the improvement of thermoelectric materials, device optimization is a crucial factor for efficient heat-to-electric power conversion and one of the key challenges is how to create a large temperature across a thermoelectric generator especially in the case of a dilute incident heat flux. For the solar application of thermoelectrics we investigated the concept of large thermal heat flux concentration to optimize the operating temperature for highest solar thermoelectric generator efficiency. A solar-to-electric power conversion efficiency of ~5% could be demonstrated. Solar thermoelectric generators with a large thermal concentration which minimizes the amount of thermoelectric nanostrucutured bulk material shows great potential to enable cost-effective electrical power generation from the sun.
INTRODUCTION
The Seebeck effect can be exploited to generate power from a temperature difference. The efficiency of thermoelectric power generation systems depends on the material-specific thermoelectric figure of merit, the heat source and sink temperatures, and the heat transfer into and out of the devices. The efficiency of ideal thermoelectric devices (η te ) is determined by the operating temperatures and the materials' dimensionless figure of merit (ZT), defined as ZT = (S 2 σ/k)T, where S, σ, k, and T are the Seebeck coefficient, electrical conductivity, thermal conductivity, and absolute temperature, respectively 1, 2 . The device efficiency can be expressed as (1) where T c is the cold-side temperature, T h the hot-side temperature, and (ZT) M the effective ZT of the thermoelectric materials between T c and T h . According to Eq. (1), an efficiency of approximately 8.6% can be reached by imposing a temperature difference of 200 ºC across an ideal thermoelectric device with (ZT) M = 1 and T c = 20 ºC. In recent years, significant progress has been made on improving thermoelectric materials. 
EXPERIMENTAL PERFORMANCE DEMONSTRATION OF MATERIALS
The determination of materials' figure merit requires the characterization of their properties including the Seebeck coefficient, electrical and thermal conductivity as a function of temperature. Measurements of these properties usually have uncertainties and hence it is desirable to test device performance as a cross-check for materials property characterization and a pathway for real world application. Actual device performance, however, depends not only on the figure of merit, but also has various parasitic losses such as thermal and electrical contact resistances. In this section we discuss some experimental results on devices using low-and mid-temperature nanostructured materials we have developed 5 .
LOW-TEMPERATURE MATERIALS
As long as a temperature difference can be established across a thermoelectric device, some of the transported heat is converted to electric power. Figure 1 (a) shows a thermoelectric power testing rig for one pair of p-type (positive Seebeck coefficient) and n-type (negative Seebeck coefficient) thermoelectric legs with dimensions of ~1.5x1.5x1.5 mm 3 . With a temperature difference of 180 K across the thermoelectric unicouple, a power of 80 mW is generated ( Fig.  1(b) ). Figure 1 (b) also shows that thermoelectric generators with typical leg sizes limited by bulk manufacturing processes are high current and low voltage devices because the Seebeck coefficient of typical thermoelectric materials is ~200 μV/K. Imposing a temperature difference of 180 K across one thermoelectric unicouple yields an open-circuit voltage of ~70 mV. Hence, in a practical device, many p-type and n-type legs are connected electrically in series and thermally in parallel, as shown in Fig. 1(c) . A significantly larger number density (per unit area) of thermoelectric unicouples can be incorporated in a microfabricated device, leading to a higher voltage output and lower device current that is more easily matched to an external load. 
MID-TEMPEATURE MATERIALS
Thermoelectric devices are all-solid state heat engines, and hence, are subjected to the Carnot limit (Eq. 1). Various heat sources at different temperatures, call for thermoelectric materials spanning over a wide temperature ranges. Figure  2 shows experimentally measured efficiencies of skutterudite-based materials. Such materials have potential applications in mid-temperature waste heat recovery, such as from vehicle exhaust gas streams. Our skutterudite materials 10 have demonstrated conversion efficiencies of 11% at 600 °C with the cold side maintained at a temperature close to 50 °C (Fig. 2) . Modeling based on measured thermoelectric properties suggests that even higher efficiencies are possible. In practice, electrical and thermal contact resistances, and the thermal expansion coefficient mismatch between materials can cause a reduction in device performance below the ideal efficiency expressed by Eq. (1). 
SOLAR APPLICATION OF THERMOELECTRICS
Besides the importance of the properties of thermoelectric materials for the device performance, the key for the application of thermoelectric generators is to establish a temperature difference across the device. Considering heat conduction only, the heat flux across a thermoelectric element with a length L and temperature difference ΔT is given by q = kΔT/L. For L = 1 mm and thermal conductivity, k = 1 Wm -1 K -1 , and ΔT = 100 K, the heat flux is 10 5 W/m 2 . Such high heat fluxes may result in large temperature drops outside the actual thermoelectric generator leading to a significant difference between the heat source/sink and thermoelectric junction temperatures. Additionally, creating large heat fluxes from a heat source only providing small heat fluxes can also be a very challenging task. Recently, we have exploited the idea of thermal concentration to develop a flat-panel solar thermoelectric generator with ~5% solar to electric power conversion efficiency (Fig. 3(a)&(b) ). 11 Thermal concentration uses heat conduction to concentrate the dilute heat flux from the sun (~1000 W/m 2 ) to match the heat flux of thermoelectric devices, leading to a significant reduction in the materials required to fabricate solar thermoelectric generators. 
